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Recently there has been much interest in the tauonic semileptonic meson decays B ^ D + 

T + Vt and B —>■ D* -\- t + Vr, where one has found larger rates than what is predicted by the 
Standard Model. We analyze the corresponding semileptonic baryon decays A° —>■ A;!" + t~ + Vr 
with particular emphasis on the lepton helicity flip and scalar contributions which vanish for zero 
lepton masses. We calculate the total rate, the differential decay distributions, the longitudinal and 
transverse polarization of the daughter baryon Aj!" and the r lepton, and the lepton-side forward- 
backward asymmetries. The nonvanishing polarization of the daughter baryon Ajl leads to hadron- 
side asymmetries in e.g. the decay Aj!" —>■ A° -|- vr'*" and azimuthal correlations between the two 
final-state decay planes which we specify. We provide numerical results on these observables using 
results of the covariant confined quark model. We find large lepton mass effects in the spectra 
and in the polarization observables. 
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I Introduction 

Recently there has been much discussion about tensions and discrepancies in some of the experimental results on 
leptonic, semileptonic and rare decays involving ^ and t leptons with the predictions of the Standard Model (SM). 
Among these are the tauonic B decays B —>■ B ^ D tv^ and B —>■ D* tVt and the muonic decays B —>■ K* 
and Br[i3 —>■ Ar^+/r“]/Br[i? —^ T^e+e"]. The situation has been nicely summarized in Refs. m- The biggest 
discrepancies with SM predictions have been reported by the BaBar and the Belle collaborations [1, 0 for the 
decays B —>■ tPt The discrepancy with the SM results has been summarized in Ref. Q by comparing the SM 

predictions for the ratios 


R(V) = 


Br (^B ^ B T i/r) 
Br [B Vi-Pi) 


{V = D,D*; i = e,fi) 


( 1 ) 


with the experimental results combined from Babar and Belle. The SM predictions were found to be smaller than the 
measurements by almost 3.5 cr: 


RiD) 


0.305 ±0.012 
0.421 ±0.058 


SM 

Babar & Belle 


( 2 ) 


R{D*) 


0.252 ±0.004 
0.337 ±0.025 


SM 

Babar & Belle. 


( 3 ) 


This observation has inspired a number of searches for new physics beyond the SM (BSM) in charged current inter¬ 
actions. These include the addition of new effective vector, scalar and tensor interactions in addition to the standard 
V — A interaction. Details can be found in the recent literature on this subject (see, e.g. Refs. [mi)- 

Motivated by the discrepancy between theory and experiment in the meson sector, we analyze the corresponding 
semileptonic baryon decays — >■ A+ -\- t~ -\- Pt within the SM with particular emphasis on the lepton helicity flip 
contributions which vanish for zero lepton masses. We collect the necessary tools to analyze the semileptonic decay 
^6 Aj~ -I- + Pi {(- = e,fi,T) as well as the corresponding cascade decay A° —>• A+(—>• A° ± 7r+) + ^~ + Pt. As 

in Refs. |22 - l^ . we describe the semileptonic decays using the helicity formalism which allows one to include lepton 
mass and polarization effects without much additional effort. 

We calculate the total rate, the differential decay distributions, the longitudinal and transverse polarization of 
the daughter baryon and lepton-side forward-backward asymmetries. The nonvanishing polarization of the daughter 
baryon A+ leads to hadron-side asymmetries in e.g. the decay A+ —> A ± tt'*' and azimuthal correlations between the 
two final.state decay planes which we specify. We provide numerical results on these observables using results of the 
covariant confined quark model. 

We have split the paper into a model-independent and a model-dependent part. In the first part of the paper, we 
set up the model-independent helicity analysis leading to compact expressions for angular decay distributions and 
polarization observables. In the second part, we discuss the dynamics of the current-induced Kb Ac transitions in 
terms of the covariant conhned quark model and present our numerical results. 

The paper is organized as follows: In Sec. II, we briefly review the helicity formalism for the Af, -x Ac transitions 
and write down the relations between the helicity and invariant transition amplitudes. In Sec. Ill, we derive a two-fold 
angular decay distribution for the three-body decay process A° —>• A+ +i~ +P( {i = e, /r, r). We define a lepton-side 
forward-backward asymmetry as well as a convexity parameter which describes the cos 9 dependence of the angular 
decay distribution. In Sec. IV, we determine the longitudinal and transverse polarization components of the daughter 
baryon A+ and the charged lepton i~. In Sec. V, we present the full fourfold angular decay distribution for the cascade 
decay A® —^ A+(—^ A° ± tt'^) ± + Pt, where we use the narrow-width approximation for the intermediate baryon 

state A+. In Sec. VI, we present our dynamical input in terms of the covariant confined quark model previously 
developed by us. We specify the form of the interpolating three-quark currents for the Ag baryons which are needed 
in our calculation. Our numerical results for the invariant A;, —> Ac transition form factors are presented in terms of 
simple double-pole rational approximants. In Sec. VII, we present our numerical results for the decay distributions 
and polarization observables defined in Secs. III-V. Finally, Sec. VIII contains our summary and conclusions. We have 
collected some technical material in the appendixes. In Appendix A, we use covariant methods to calculate the helicity 
components of the unpolarized and polarized lepton tensors of the decays —>■ £~Pt and —>■ 

including lepton mass effects. In Appendix B, we present results on the helicity amplitudes for the above two leptonic 
transitions. 
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II Invariant and helicity amplitndes 


The matrix element of the process A°(pi) —A+(p 2 ) + Il^off-sheii (?) expressed via the vector and axial vector 

current matrix elements which can be expanded in terms of a complete set of invariants: 


AtJ(Ai,A2) — (i32,A 2 IAi) — U2(p2,A 2 ) — 


= (i32,A2|J^|i?l,Ai) =zZ2(P2,A2) 


Fn<f) 


Ml 


-ic^iiuq 


Ml 


-ic^iiuq 


Elif), 

Ml 

El^) 

Ml 


■9m 


-9m 


wi(pi,Ai), 

(4) 

75Ui(pi,Ai) (5) 


where cr^j/ = |( 7 ^ 7 i/ — 7 i/ 7 ^) and q = pi — P 2 - The labels Ai = denote the helicities of the two baryons. In the 
present application Bi = Ai, and B 2 = Ac. 

The SM current is not conserved and thus consists of a superposition of a spin-1 and a spin-0 component where 
the content of the vector current and the axial vector current are (O-*", 1“) and (0“, I"*"), respectively. One 
defines helicity amplitudes through 




( 6 ) 


where there are four helicities for the W1 


off—shell 


, namely Xw = ±1,0 (J = 1) and Aw = 0 (J = 0). The label J= 1,0 
denotes the two angular momenta of the rest frame lT(^_gi^gii. In order to distinguish the two Aw = 0 states we follow 
the convention of Refs. [ 2 ^ [ 2 ^ and adopt the notation Aw = 0 for J = 1 and Aw = t for J = 0 (t for temporal). 
From angular momentum conservation, one has Ai = —X 2 ± Aw- 

It is easiest to calculate the helicity amplitudes in the rest frame of the parent baryon Bi, where we choose the 
2 ;-axis to be along the (see Fig. [1]). They read (see e.g. Refs. [25l - [^ ') 


„V/A 




A/i 3 


H 


V/A 

+ 5 + 1 


— \/2^ 


7 V/A 


± 


M± 

'm 


F 


V/A 


^V/A 




VjA 


± F 

^ Mr 2 


VjA 


where we make use of the abbreviations M± = Mi ± M 2 and Q± = M|. — q^ 
From parity or from an explicit calculation, one has 


H 


— A 2 ,—Xw 


= H 


V 


H 


— A 2 , —Ama 


= -H 


A2,Aw ' 


The total left-chiral helicity amplitude is defined by the composition 


H\2,Xw ^A2,Aw 


- H 


A 2 ,Aw • 


(7) 


( 8 ) 


(9) 


The polarization observables to be discussed further on can be expressed in terms of helicity structure functions 
given in terms of bilinear combinations of helicity amplitudes. The definitions of the structure functions are collected 
in Table HI Eleven of these contribute to the partial rates and polarization observables discussed in this paper. For 
the sake of completeness, we have also listed the structure function Hst, which enters in the description of polarized 
Afi decay which we, however, do not discuss in this paper. 

The helicity structure functions have definite parity properties as indicated in Table HI The first and second columns 
of Table HI list the parity-conserving (p.c.) and parity-violating (p.v.) bilinear combinations of helicity amplitudes, 
respectively; i.e., the p.c. and p.v. helicity structure functions result from products of 1+1+ and AA, and 1+A and A1+ 
currents, respectively. 

The vector and axial vector helicity amplitudes possess simple structures in the kinematical limits of zero and 
maximal recoil. At the zero recoil point q^ -A {Mi — M 2 E, one has only s-wave transitions (conventionally called 
allowed Fermi and allowed Gamow-Teller transitions, respectively). The surviving helicity amplitudes are 


M_ 


Hi = H^., = 2y^Mjf2{Fr + j^fE) 
HI/V 2 = Hi =2 ^M;W2 {fE - ^± 2 ^) 


allowed Fermi, 


( 10 ) 


allowed Gamow — Teller . 


( 11 ) 
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TABLE I: Definition of helicity structure functions and their parity properties. 


Parity-conserving (p.c.) 

parity-violating (p.v.) 

nu = \H^r+r\^ + \H_r_,\^ 

Hp^\H^r+,\^-\H_r_,f 


HLp = \H^rof-\H_r,f 


Hsp = \H^i,\^ 

Hlt = Re (h+^ 

Hltp = Re 1 

Hst = Re 

HsTp=Re 

Hsl = Re (h+ r ^ + H_r 

Hslp = Re (h +1 oH;, ^ - H_r 


The zero recoil structure has implications for the structure functions. At zero recoil, one finds 

T-Lst, T-Lsl, T-Lp, Hlp,'Hspt'Hltp = 0 , Hu = ='/2 'Hlt- ( 12 ) 

At = 0 (which is very close to the maximal recoil point for the e and /i modes), the scalar and longitudinal helicity 
amplitudes dominate. At = 0 one has 

= TF,^). (13) 

As we shall see later on, the results of our dynamical quark model are quite close to the heavy quark effective theory 
HQET result (g^) = F^{q^) = F{q^), F^!^^ = 0 (see e.g. the review in Ref. [l^). It is therefore quite useful to 
list the HQET relations for the helicity amplitudes and structure functions. In the HQET limit, one has 

= (14) 

which leads to the structure function relations 


Hsp = Hup = —Hsl , Hl = Hs = —Hslp , Hst = Hltp , Hstp = Hlt- (15) 


If one combines the zero recoil structure with the HQET results, one finds the zero recoil amplitude relations 

Hr, = Hro = Hr,/V 2 = H_r, = -Hr^ = -H_r_jV 2 . (16) 

At maximal recoil for the (e, /i) modes the HQET relations (TT^ turn into the helicity amplitude relations 


Hr, = Hr, = 0 , H_r, = H_r,. (17) 

We have gone to great lengths to describe the limiting values of the structure functions at both ends of the 
kinematical g^ range. These limiting values allow us to understand most of the the limiting behavior of our numerical 
results on the polarization observables at zero recoil and maximal recoil to be discussed in Sec. VH. Similar limiting 
relations have been discussed before in Ref. [1^ for the zero lepton mass case. 

The helicity amplitudes are a superposition of vector and axial vector pieces and thus do not have definite 

parity properties. One can project back to the vector and axial vector helicity amplitudes by defining the transversity 
amplitudes [s^: 


= iHl-4±HXx:^_,)/V2, 

( 18 ) 

Erom Eq. (HU), one can see that the transversity amplitudes have definite transformation properties under parity, e.g. 
'^-^211 —A2II; -^A2-L —A2-L; etc. 
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For the structure functions in Table HI one obtains e.g. 

'Hu = \A\2\\? + ^ Hip =‘2-Re . (19) 

The transversity amplitudes correspond to the Cartesian components of the helicity amplitudes. The parity properties 
of the various structure functions in the transversity representation are clearly manifest. They are identical to those 
in the helicity representation where they are not quite manifest. 


Ill Twofold angular decay distribution 


We first consider the three-particle decay A|)(pi) -)■ A+(p 2 ) + tFQff_sheii( ^ (w) + ^iiPve)j with q = pg + 
p^ = m^, and p^^ = 0. At the present stage we sum over the helicities of the parent and daughter baryon. The 
three-body decay can be described in terms of the invariant variable and the polar angle 9 defined in Fig. [T] The 
differential (g^,cos0) distribution reads 


dr 

dq^dcosO 


|2 (g^ -»^^)IP2| 

(27r)4' 128M2g2 




( 20 ) 


where |p 2 | = , M|, g2)/(2Mi) = x/Q+Q_/(2Mi) is the momentum of the daughter baryon in the Af, rest 

frame. The lepton tensor can be calculated as (see Appendix A) 


= 8 (^p^p:, + ^, (21) 

where £0123 = +1- The hadron tensor is given by the tensor product of the chiral matrix elements 

Ml, = Mi: - M^ , (22) 

where the vector and axial vector matrix elements are defined in Eq. O- _ 

The cos 9 dependence of {9) can be worked out by following the methods described in Ref. and later 

on adopted by Fajfer et al. [l^ in their analysis of BSM effects in the decays B —>■ D^*'> tVt- Note that the cos0 
dependence can also be worked out by using traditional methods by a straightforward contraction of {9). This 

leads to expressions involving scalar products of momenta that are defined in different reference frames. When doing 
the required contractions, the four-momenta have to be boosted to a common reference frame as e.g. described in 
Ref. [sil for the decay H —>■ and in Ref. [s^ for the decay —>■ Tr^Tr^e+e". The advantage of the helicity 

method is that the origin of the angular factors multiplying the helicity structure functions can be straightforwardly 
identified. One makes use of the completeness relation for the polarization four-vectors 

^ e>^{m)e'''{m,')g.rnrn' = 9^'' ■ (23) 

The tensor gmm' = diag(-|-, —, —, —) is the spherical representation of the metric tensor, where the components are 
ordered in the sequence to, to' = t, -I-, 0, —. 

Using the completeness relation (|23)) . one can rewrite the contraction of the hadron and lepton tensors (9) 

as a sum over products of their respective helicity components. Appropriate to the problem, we replace the labels 
(to, to') with the helicity components (AwjA'jy) of the One finds 

H^yL^^''{9) = hH-' g^,^g^,^Lf^-{9) 

= X/ V('^w)ej)(A'vy)ffAwA'jy ^''"(0) 

Ama jA^ ,A^ 


Avu 


A'^‘'(0)eUA'^)e.(A'") 


5AvF A^ 


Avu AC. 


^XwXL. ^XwXL. {^)9XwXw9XiyXi, 


(24) 
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The two factors enclosed by round brackets in the third line of Ea. (l24l) are Lorentz invariant and can thus be 
evaluated in different Lorentz frames. The leptonic part will be evaluated in the (£, vg) CM frame (or Woff_sheii rest 
frame) with the positive z axis along the Woff_sheii bringing in the decay angle 9. The hadronic part is evaluated in 
the Af, rest frame bringing in the helicity amplitudes [Eq. ([7])]. 

The product of the two spherical metric tensors gx^x^gy x' in the last line of (l24)) gives +1 for Aw = ^'w — ^ 

and Aw = *, A'^ = j {i,j = 1,0, —1) and —1 for Aw = C ^'w =*(* = 1,0, —1) and Aw = *, A'^ = < (i = 1,0, —1); i.e., 
there is an extra minus sign for the spin 0-spin 1 interference contribution. We can therefore rewrite the last line of 
Eq. (l24l) as 

Y. {-iy+J'Hx^x'^Lx„x'^{e), (25) 

where the sum is over Xw^^'w = ±1, 0. Note that, through the choice of the “t” notation, the dependence of Hx^^x'^ 

and Lxwyw^^) implicit. 

Referring to the factorized form Eq. (I22|) . the helicity representation of the hadron tensor can also be written in 
terms of bilinear products of the helicity amplitudes, i.e. 

Hx2 Aw-^>2 A'^,^. ’ 

^2 

where the three helicities of the process satisfy the angular momentum constraint Ai = A 2 — Aw- 

One has to remember that Eq. (EHl) refers to the differential decay rate of an unpolarized parent baryon into 
a daughter baryon whose spin is not observed. Together with the angular momentum constraint Ai = A 2 — Aw, 
this implies Aw = -^w- One therefore has diagonal contributions Aw = A(y = t, ±1,0 as well as quasi-diagonal 
contributions with Aw = t and A(y = 0 and vice versa. 

Using the factorized form (l26l) . Eq. (|25|) turns into 

H^,L^-'{e)= Y (-l)^+'''^A2-Aw.A2-A^i7A2Aw<A;^l^AwAwW. (27) 

Aw.A'j^,,A2 

where the delta function 5 a2-Aw,A2-a;^ encodes the fact mentioned above that we are dealing with the decay of an 
unpolarized parent baryon Bi into a daughter baryon B 2 whose spin is not observed. The helicity components of the 
lepton tensor LawA'^(^) have been calculated in Appendix A [see Eq. (IA6I) ]. 

One can go one step further and express the leptonic helicity tensor Lx^x'^^) in terms of the leptonic helicity 
amplitudes hx^, Xb^=i/ 2 (.J) defined in Appendix B. They describe the decay —>■ where the z-direction is 

along the charged lepton We shall refer to this frame as the W-decay frame. Then one has to rotate the leptonic 
helicity am plit udes defined in the IT-decay frame to the original z-direction employing Wigner’s d'^^,{9) functions 
(as in Ref. |33l | we use the convention of Rose [s^ for the d-functions). One then has (cZqq = 1) 

T'AwA^ '^Aw.Af- 1/2 (^) ^A'w,Af-l/2 (^) ^A^ 1/2 {J) ^Xt_ 1/2 (J'). (28) 

The leptonic helicity amplitudes hx^_ have been calculated in Appendix B. We mention that the representation 

(E51) has been used to check the results of the covariant determination of LawA±(^*) used in (071) . 

Returning to the representation in Eq. ( 113 , one finds using the results of Appendix A (u = 1 — ) 

H^,L>^ye) = ^{ 2 q^v)w{e), ( 29 ) 

with 

W{9) = ^ (1 ± cos^ 0) "H;/— ^ cosd'Hp ± ^ sin^ 

8 4 4 

± (5^ "Hs ± ^ sin^ d'Hc/± ^ cos^ d'Hp — Scosd'Hsij . (30) 

The first three terms in (1301) result from lepton helicity nonflip (n/) contributions, while the last four terms pro¬ 
portional to 5f, are lepton helicity flip {hf) contributions, where the helicity flip suppression factor is given by (see 
Appendix B) 



( 31 ) 
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It is interesting to note that of the two observables T-Lp and T-Lsl that multiply the parity-odd angular factor cos 9 
in Eq. (1501) . Tip is parity violating whereas 'Hsl is parity conserving (see Table H]). In the latter case, the parity- 
odd nature results from the parity-even but parity-odd interference of the (0^, 1“) pieces in the (VV) term and the 
(0“, 1+) pieces in the (AA) term. 

Integrating over cos 0 and putting in the correct normalization, one obtains the normalized differential rate, which 
reads 


^ P -TOf)^|p2| 
dq^ ° Mlq^ 


Hu + Hl + 


Hu + Hl + i^Hs 


, -mj)^\p2\ 

° Mjq'^ 


H 


tot ? 


(32) 


where 


-Htot = / dcos0W{e) =nu +Hl + 


Hu + Hl + ‘iHs 


(33) 


In (1501) . we have introduced the Born term rate 


1927r3 


(34) 


The rate Tg represents the SM rate of the decay of a massive parent fermion into three massless fermions, i.e. Mi ^ 0 
and M 2 ,rn(,'m^^ = 0, where = 1 and = 0. The g^-dependent factor multiplying Fg in Eg. (1501) can be 
seen to be integrated to 1 for these mass and form factor settings. 

It is convenient to define partial rates dTx/dq^ and dTx/dq^ for the helicity nonflip (nf) and helicity flip (hf) helicity 
structure functions Hx defined in Table H) dTx/dq^ refers to a lepton helicity nonflip {nf) rate, while dVx/dq^ refers 
to a lepton helicity flip {hf) rate. One has 


dTx 

dq^ 

dfx 

dq^ 


(nf) 


T. (g - w|)2|p2| 

^ 0 - T77~^ - nx 


Se Tg 


Mjq'^ 

(g^ - mD^lpal 

Mlq^ 


Hx 


X = U, L, P, Lp, LT, LTp , 

X = U,L, LT, P, SL, S, Lp, Sp, SLp, LTp, STp . 


(35) 


The partial rates can then be split into a helicity nonflip {nf) and helicity flip {hf) part according to 


dTx 

dq^ 


dTx 

dq^ 


(nf) + 


dTx 

dq^ 


{hf). 


(36) 


It is clear that the (un-normalized) longitudinal polarization of the charged lepton for a given helicity structure 
function Hx is then given by 

Pi{X) ~ dfx/dq^ - dTx/dq^ (37) 


The distribution Eq. (1301) is given in terms of a second-order polynomial in cos0. The linear term results in a 
forward-backward asymmetry defined by 


^ 2^ dT{F)-dT{B) 3Hp+46eHsL 

) dT{F) + dT{B) 2 H 


The quadratic term can be isolated by taking the second derivative of dsni). We therefore define a convexity parameter 
CF(g^) according to 


CF{q^) 


1 d^W{0) 

Htot d(cos6<)2 



26,) 


Hu - 2Hi 

Htot 


(39) 


IV Polarization of the daughter baryon Ac and the charged lepton ^ 

The polarization components of the daughter baryon B 2 {B 2 = Ac in the present application) can be obtained from 
the spin density matrix of the daughter baryon. In Eq. (1571) we have taken the sum over helicities of the daughter 





















baryon B 2 or, put in a different language, we have taken the trace of the polarization density matrix p\^ of the 
daughter baryon B 2 . In order to calculate the polarization components of the daughter baryon, we need to consider 
the polarization density matrix components (pi/ 21/2 ~ P- 1 / 2 - 1 / 2 ) for and 2Repi/2-i/2 for Px\ be., we have to 
allow for A 2 ^ X '2 in Eq- (1^ - According to Eq. (1?^ the un-normalized density matrix components of the daughter 
baryon B 2 read 


PA2 A2 


Aw.A'h, 


(40) 


The polarization can be seen to be cosP dependent. Instead of considering the full 0-dependent polarization compo¬ 
nents we take the mean of Px{9) and Pz{d) with regard to cos9. One obtains 


Pzi.9^) 

PxiQ^) 


Pl/2 1/2 — P-112-1/2 _ 'Up + T-Llp + 5i {'Hp 4- TiLp + SHsp) 
Pl/2 1/2 + P-1/2-1/2 P-tot 

‘2Repi/2-i/2 _ Stt Plt — “^StTLsTp 

Pi/21/2 + P-1/2-1/2 4-\/2 Plot 


(41) 


The corresponding 0-dependent expressions are written down in Sec. IV. 

In the zero lepton mass limit, the charged lepton i~ is 100% polarized opposite to its momentum direction (i.e. it has 
negative helicity). Lepton mass effects bring in helicity flip contributions which can considerably change the magnitude 
of the polarization \P^\ and its orientation. In Appendix A we have calculated the lepton’s polarization components 
Px{9) and P^iO). Again, we consider only the cos 6 averaged polarization. Using the results of Appendix A, one finds 


^i(9^) 

Pxiq^) 


Pu + Pl — Si {Pu + Pl + 3Ps) 


Stt 

4^2 




Plot 

Pp-2-Hsl 

Plot 


(42) 


The corresponding 0 dependent components can be obtained from Appendix A. The longitudinal polarization P^{q^) 
can be seen to have the rate structure (r(/i/) — T{nf))/iT{hf) -\- r(n/)) in agreement with Eq. (H^ . Note that the 
scalar-longitudinal piece Psl in (14211 contains an extra minus sign resulting from the factor (—. 

When calculating the averages of the components of P^and P^, one has to reinstate the common (/^-dependent 
factor (< 7 ^ — m|)^|p 2 |/g^ in the numerator and denominator of the right-hand sides of Eqs. (1411) and (1421) . 


V Fourfold angular decay distribution 

In the previous section, we have calculated the polarization of the charmed baryon A+ in the three-body decay 
Ag ^ A+ + i- Pi- The polarization of the A+ can be probed by analyzing the angular decay distribution of the 
subsequent decay of the A+. As an exemplary case we shall consider the decay mode A+ —>• A° -|- 7r+ as polarization 
analyzer. We shall discuss some other important decay modes of the A+ at the end of this section. 

One can exploit the cascade nature of the decay A° —A+(—>• A° -|- 7 r+) -|- IEJ^_gijgii(—>■ + Pi) by writing down 
a joint angular decay distribution involving the polar angles 0, 0 _b and the azimuthal angles x defined by the decay 
products in their respective CM (center of mass) systems as shown in Fig. [TJ The angular decay distribution involves 
the helicity amplitudes Hxf^^Xw fo^' the decay A^ —>• Ac -I- IT and for the decay A+ —>• A° -|- 7r+. The joint angular 
decay distribution for the decay of an unpolarized A^ reads 

W(0,0B,x) = E (-l)"+"'4S3(^B)4g3(0B)/»f3oC 

Aiv,A'|,j,,A2,A2,A3 

X Sx„-X2,X\^-X’2Px2Xw Px'^X'^ (d3) 

where the 0- and y-dependent leptonic helicity tensor (0, y) is given in Appendix A. 

For computer processing, we have taken a slight variant of (1431) where we drop the “Aw = t” convention and make 
up for this by introducing an explicit (J, J') dependence for the hadronic and leptonic helicity amplitudes. Also, we 









express the leptonic helicity tensor ^Aw x) in terms of rotated products of leptonic helicity similar to 
now including also the azimuthal rotation. One has 
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A'^ (0, X) = rf5:^.A.-i/2(^) 4 ;,,a.-i/2(^) = 


Our master formula for the general angular decay distribution then reads 


(44) 


w{0,eB,x) = E(-i)"^"'4fA3(^B)4fA3(0B)/if3oC 


X ('^Aw —A 2 ,+1/2 “f'^Aw —A 2 , —l/2)'^Aw —A2,A'jy —A2^A2 Aw ("^ ) 

X C.A.-l/2(^)4;,,A.-l/2(^)e*^"'"-"-^^/lA,.A,, = ,,2 = (^')- 


The summation is performed over the following set of the indices: 

1 


set = 


jx^, A2,A2,A3 = ±-, Avi/,A(^ = ±1,0, J, j' = o,i|, 


(45) 


(46) 


where, in the present application, Bi = At, B 2 = Ac and B 3 = A. Note that the set (gel) does not contain a 
summation over Aw = t because this is now replaced by the sum over J, J'. As before, the Kronecker symbol 
<^Am/-A 2 .a'^-a^ in Eq. (|43|) expresses the fact that we are considering the decay of an unpolarized A;,. We have also 
introduced a second Kronecker symbol in Eq. (H51) . which expresses the fact that the parent baryon is a spin-1/2 
particle, implying |Aw — A 2 I = |A(y — A 2 I = 1/2. The latter condition is expressed through the Kronecker symbol 
(<5 av. -A 2 .+ 1/2 + <5aw-A2.- 1 / 2 )- The with (j = 0,1/2,1) are Wigner’s d-functions, where dgQ = 1. We mention 
that it is not difficult to generalize Eq. (H3ll to the case of a decaying polarized Ab, as has been done in corresponding 
baryonic cascade decay calculations in Refs. 

After factoring out the A+ —>• A° -|- 7 r+ rate term (|ft.f 1 nP + 1 nP)i obtains 

“r 2 ^ 2 ^ 


W{ 0 ^ 0 B,x) — —^— ( 1 -|-cos^ d)'H {7 T ^ cos d'Hp-f — sin^ 

-I- 5e SIT? O'Hu + ^ cos^ OHl — 3cos0 Hsl + ^ Hs^ 

[3 3 3 

-I- apcosdp -(1-I-cos^ d)Hp =F 7 cosd'Hp-I-- sin^ dT^Lp 
o 4 4 

+ Se cos^ d'Hpp -I- ^ sin^ d'Hp 4- ^Hsp - ScosOHslp'^ 


aB sin d B cos y 
3 


3 3 

T 7—77 sin d Hlt H- 7 = sin 2 d HlTf 


2 V 2 ' 


4 V 2 ' 


( 


— -j= sin 2 d HLTp + —j= sin d Hsti 

2\2 V 2 


where the polarization asymmetry ap of the decay A/" —^ A® -|- 7 r+ is defined by 


OtB = 


l/^+lQP - l^-i, 


'+i 0 


P + \h\,?' 


(47) 


(48) 


In order to be able to also discuss the decays A+ —>• A° -|- and A° —>■ A^ -|- we have included 

the necessary sign changes in Eq. gZl). The upper sign refers to the lepton configuration yX'i), and the lower 

sign refers to the (£+,Pf) configuration. The changes are effected by replacing Af-i/ 2 (^) ^Xw Af+i/ 2 (^) 
hxe,Xp^=i /2 “t /iAf.A,,^=_i /2 in Eq. (|45|) . The sign changes in Ea. (l47l) can be seen to result from the parity-violating 
contribution of the lepton tensor, as discussed in Appendix A. 

Let us briefly pause to discuss the cascade decay A° —>• A J (—>• A° -|- 7 r“) -|- £+ -|- Pf and how the angular decay 
distribution of the charge conjugated mode is related to that of A° —>■ A+(—>■ A° -|- 7 r+) p^. We exploit the CP 

properties of the relevant helicity structure functions. One has 


HxP"/P"(Ab) = ±-HxP"/P"(Ab) and =-aB ■ 


(49) 
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This shows that the angular decay distribution of the charge conjugated mode is identical to the original mode as 
long as one replaces the particles in the decay chain A° —^ A+(—A + 7r+) + £“ + with their charge conjugates. 

Equation (14711 contains 11 distinct helicity structure functions which can be measured by an angular analysis of the 
cascade decay A° —>• A+(—A° + 7r+) + i~ + V(). Some of the helicity structure functions multiply the 

same angular factors. To separate them, one also has to take into account the dependence on the factor 

In Eq. (l43l) we have summed over the helicity labels of the lepton; i.e., we have taken the trace of the respective spin 
density matrix. By leaving the respective helicity labels unsummed, one can then obtain the (0, 0^, x)-dependent 
polarization of the lepton including the result Eq. (|42|) after integrating Eq. (|45|l over cos 9, cos 9 b and y. 

Using the narrow width approximation for the intermediate baryon state A+ one finally obtains 

dr(A°^ A+(^ ATr+)+iPe) ^ , a r (g^ -to^)^|P2| 

dq^ d cos 9dxd cosB 2 27r ° 


X W{9) + P^{9) aB oos9b + Px(0) olbS:Vii9b cosx^ , (50) 


where we have factored out the unpolarized rate expression W{9) = 3/8{2q‘^v‘^) (0) defined in Eq. (l30l) . 

P!^{9) and P^{9) are the ^-dependent hadron-side polarization components which read 


P^{9) 

P^iO) 


^(1-hcos^ ej'Hp =F ^ cos -f ^sin^6 »'Hlp 

cos^ d'H.Bp + ^ SIT? 9'Hp + ‘^P-Sp - 3cos9'HsLp^ 

3 


W{9) [^2^2 


3 3 

: sin 0 "Hpr H- pz sin 29 %lt, 


4^2 ‘ 


■<5,( 


2^2 


sin 29 Ti lTp 


V 2 


sin 9 TLstp 


(51) 


When integrating the polarization components P^{6) and P^{9) in Eq. (1511) (numerator and denominator separately), 
one recovers the corresponding expressions in Eq. dm)- 

Since our model amplitudes are real, and since we are not considering UP-violating effects inasmuch as 14b 
is real, we have omitted a possible contribution proportional to Py(0) ap sin0p siny; in the second line of the 
distribution (15011 . The perpendicular polarization component Py{9) is contributed to by the absorptive counter¬ 
parts of the dispersive structure functions TLlt, P-lTp and 'Hstp- They are Im(i7, i , i -I- P+ii )j 

Im(P_,_i^2Pli 0 ~ ^ad Im(P_|_i^ — P+i tPli_^), including also possible UP-odd phases. The 

three absorptive observables correspond to T-odd observables. The angular factors projecting onto them can be seen 
to correspond to T-odd momentum products (see Ref. [l^). We emphasize that there are no absorptive parts originat¬ 
ing from our two-loop calculation since we have incorporated confinement from the beginning; i.e., the perpendicular 
polarization component Py{9) is zero in our model. 

The last term in the round bracket of Eq. (l50l) proportional to P^iS) describes the azimuthal dependence of the 
decay rate. After cos 9 b- and cos 0-integration Eq. (15011 allows one to define an azimuthal asymmetry parameter 


where 


dr 


oc (1 -I-as 7 (g^) cos x) 


7(g^) = 


{P-lt - ^SeHsTp) ^ ?_ph, 2 ^ 

16^2 Ptot 4 ^ 


(52) 


(53) 


The advantage of the A t ^ A° -I- 7r+ mode discussed in this section is that its analyzing power is close to maximal 
with aB = —0.91 ± 0.15 [^. A disadvantage of this mode is that the A° is rather long lived, with a lifetime of 
ta = 2.63 • 10“^°s [ 3 ^, meaning that at the LHC many of the final state A’s decay outside of the e.g. LHCb detector 
such that the decays A'^ —>■ pTr ~, n7r*^ cannot always be reconstructed. This will become even worse in run 2 of the 
LHC when the energy, and thus the average energy of the final-state A’s, will increase. The optimal place to look for 
the decay chain A;, —>■ A^ —>■ A would be for A^’s produced at the GigaZ@ILC option. 

Other decay channels of the Ac with conmarable branching ratios lar ger than 1 % are Ac —>■ Ai^u (—0.86±0.04 [1^), 
pA:°(- 1[43), E+7rO(-0,45±0.31±0.06[33; 0.710), E07r+(-h0.70 0), piC*°(-h0,69 0 ), pK-Tr+, Ap+, Y.+p°, 
Yi^p^. We have added experimental values (with errors) and theoretical values (without errors) for the respective 
polarization asymmetry parameters when available. The analyzing power of some of these other modes is not as large 
as that of the A+ —>• A° -I- 7r+ mode but may still lead to reliable measurements of the longitudinal polarization of 
the A+. 
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VI The transition form factors in the covariant confined quark model 


We shall use the covariant confined quark model previously developed by us to describe the dynamics of the current- 
induced Ah = (b[ud]) to Ac = {c[ud]) transition (see Refs. The starting point of the model is an interaction 

Lagrangian which describes the coupling of the Ag-baryon to the relevant interpolating three-quark current. One has 

= 9Aq Aq (x) ■ Jaq (x) -b 5Ao Jaq (x) • Ag (x), (54) 


^Ao(x) = Jdx,JdX2jdx3F^^{x;X,,X2.X3)4^‘^\x,,X2,X:i), 




(xi) (X 2 ) C 7^ (xa), 


Jaq{x) = Jdxijdx 2 jdx3FAQ{x;Xi,X2,X3) 4g‘^\xi,X2,X3) , 
4^«)(xi,X2,X3) = 


The vertex function F\„ is chosen to be of the form 


Taq(x;xi,X 2 ,X 3 ) = ( 5 *^'‘)(x - ^ WiXi) $a( ^(xi - Xj)^ j ( 55 ) 

i—1 

where $Aq is a correlation function involving the three constituent quarks with coordinates xi, X 2 , X 3 and with 
masses mi, m2, m3. The variable Wi is defined by wt = mil {mi -b m2 -b m3) such that form 

factors describing the Ag —>■ Ag/ transition via the local weak quark current are calculated in terms of a two-loop 
Feynman diagram. Due to the confinement mechanism of the model, the Feynman diagrams do not contain branch 
points corresponding to on-shell quark production. 

The values of the constituent quark masses m^ are taken from a new fit which improves the description of new data 
on the exclusive R-meson and the Ac decays. In the fit, the infrared cutoff parameter A of the model has been kept 
fixed. One has 


mu ms me mb A 


0.241 0.428 1.67 5.04 0.181 GeV 

The values of the size parameters are taken from our previous papers 


(56) 


AAs ^Ae ^Ab 

0.492 0.867 0.571 GeV 


(57) 


The results of our numerical two-loop calculation are well represented by a double-pole parametrization 


F{q^) 


F{0) 

1 — as -b ^ Mf 


(58) 


with high accuracy: the relative error is less than 1%. In Fig. [5] we display a comparison of the exact results for the 
relativistic form factors and F^ {i = 1,2,3) with the double-pole parametrization. For the Ah —>■ Ac transition 
the parameters of the approximated form of the form factors are given by 



fY 

FY 

FY 

fY 

fY 

fY 

m 

0.549 

0.110 

-0.023 

0.542 

0.018 

-0.123 

a 

1.459 

1.680 

1.181 

1.443 

0.921 

1.714 

b 

0.571 

0.794 

0.276 

0.559 

0.255 

0.828 


( 59 ) 
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The dominant form factors are (q^) and F^[q^) with very similar dependencies. Inasmuch as one can neglect 
the other form factors, the results of our model calculation are very close to the leading-order HQET result F^ {q^) = 
= ^( 9^)1 ^ 23 ^ = 0 discussed in Sec. II. In fact, our numerical results to be discussed in Sec. VII are quite 
close to what would be expected in leading-order HQET. 

Let us take a closer look at the dependence of the form factors F ^Ri F^{q^). Their q^ dependence is very 
close to a dipole behavior, since one has \/b ^ a/2 in both cases with a dipole mass Wdipoie = ^/aj2 ^ 6.6 GeV. 

The dipole mass is quite close to the expected (6c) mass scale of 6.28 GeV set by the Hc-meson mass [s^. Next, we 
look at the near zero recoil behavior of F^{q^) and F^[q^). In order to investigate the near recoil zero behavior of 
the form factors, we switch to the variable w = (M/ -|- M| — q^)/{ 2 M 1 M 2 ) such that w = I at the zero recoil point 
q^ = = {^1 ~ The Taylor expansion of any given function f(w) around the zero recoil point w = 1 reads 


f{w) = 


00 


E 

n—O 


fin) 


l)n 


/(l){l + 


m 

/(i) 

p^{w 


- I) -I- c (w - I)^ -I- ... I 


(60) 


where is called the slope parameter and c is the convexity parameter. It is not difficult to express the parameters 
f{w = 1), and c via the original parameters E(0), a and b used in the double-pole parametrization Eq. (ISSl) . One 
finds 


f{w = I) = 


m 


P = 


I CL Sniax T 6 


2 7" (a 2 6 Smax) 
I — a Smax + 6 


4 [a^ - 6 - 3 a 6 Smax + 3 6^ 

[1 — a Smax + 6 Smax] 


(61) 


where r = M 2 /Mi and Smax = (1 ~ ?')^- The numerical results for Fi (q^) and Fi{q^) can be calculated to be 



f{w = I) 


c 


fY 

0.985 

1.543 

1.704 

(62) 

fY 

0.966 

1.521 

1.654 



Eirst, one notes that the zero recoil normalization is very close to 1 for both F/^ and F-^, which would be the 
normalization predicted by leading order HQET. The values for the two slope parameters are compatible with the 
only experimental result published by the DELPHI Gollaboration: = 2.03 ± 0,46(stat)l° QQ(syst) [i^. There are 

no experimental results on the convexity parameter yet. There are a number of theoretical model calculations for the 
slope parameter of the Af, —>• Ac transitions, many of which scatter around p^ ~ 1.5 A value around 1.5 is 

expected from the spectator quark model relation p%, = 2p^ — 1/2 [I^ using a mesonic slope parameter of p\j r; 1 
as reported by the Heavy Elavor Averaging Group [54| . 


VII Numerical results 

We shall present numerical results for the two cases = e~ and = t~ . The results for the p,~ mode are almost 
identical to those of the e~ mode and will not be listed separately. The dynamical input in terms of the covariant 
confined quark model has been specified in Sec. VI. We use the mass values Ma^ = 5.6195 GeV, Ma^ = 2.2864 GeV 
and rur = 1.7768 GeV [H. 

In Fig. 13 we display the dependence of the partial differential rates dTu/dq'^, dTL/dq^ and the total differential 
rate dTjj^A/dq^ for the e mode. The transverse rate dominates in the low recoil region while the longitudinal rate 
dominates in the large recoil region. The longitudinal and thereby the total rate shows a step-like behavior close 
to the threshold q^ = ml- Figure 0] shows the corresponding plots for the r mode including the partial flip rates 
dTu^h/dq^ and idTs/dq^. We also show the total differential rate (dTcz+^/dg^ + dVuj^A+zs/dq^). The behavior of 
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the longitudinal and scalar partial flip rates can be seen to be quite close to the HQET result = dVs/dq^. 

The helicity flip rates are smaller than the helicity nonflip rates but contribute significantly to the total rate. 

In Fig. [5l we show the dependence of the lepton-side forward-backward asymmetry Apg{q‘^) defined in Eq. (j38p . 
At zero recoil, App{q^) approaches zero for both the e and r modes due to the zero recoil relations 'Hp = 'Hsl = 0 [see 
Eq. 112])]. In the large recoil limit, A^^(e) goes to zero due to the longitudinal dominance of the partial rates. The 
q^ dependence of the forward-backward asymmetry of the two modes is distinctly different. While App{e) remains 
positive in the whole q^ range, App{T) quickly becomes negative when moving away from zero recoil. It is interesting 
to observe that App (r) goes through a zero at « 8 GeV^. 

In Fig.|6l we display the q^ dependence of the convexity parameter Cp defined in Eq. (|39l) . At zero recoil, Cp goes 
to zero for both modes due to the zero recoil relation ?{[/ = 2'Hl [see Eq. (fT^ j. For the e mode, one finds Cp —1, 5 
at maximal recoil due to longitudinal dominance, while Cp —^ 0 for the r mode at maximal recoil q^ = due to 
the overall factor (1 — 25) in Eq. (1391) . In the r mode, the convexity parameter remains quite small over the whole 
accessible q^ range, implying a near straight-line behavior of the cos 9 distribution. In the e mode Cp can become 
large and negative, which implies that the cos 9 distribution is strongly parabolic in terms of a downward open tilted 
parabola. 

In Figs. Hand[5] we show the longitudinal and transverse polarization components of the Ac defined in Eq. (14111 . 
For the e mode the longitudinal polarization goes to zero at zero recoil since 'Hp — 'Hlp = Hsp = 0 at zero recoil [see 
Eq. (HH)]. At maximal recoil, goes to zero for both modes because of the HQET plus = 0 relation Eq. (fT71) . The 
two e and r curves almost fall on top of each other in their common g^ range. The zero recoil values of the transverse 
polarization P!^ in Fig. [5] can be understood in terms of the zero recoil limit of HQET [see Eq. (USD]. At zero recoil, 
one has Px —>■ —(7r/4)(l — 2i5^)/(l -|- 25^) = (—0.79; —0.43), which is in approximative agreement with what is shown 
in Fig. [51 At minimal recoil, one has P^ = 0 for both the e and the r modes. For the t mode, this can be understood 
from the approximate validity of HQET (see the fourth equation in Eq. mi) together with the fact that 5^ = 1/2 at 
g^ = rn^). For the e mode, one has P// = 0 at zero recoil which follows from longitudinal dominance at zero recoil. 
The transverse polarization is considerably reduced going from the e mode to the r-mode. The magnitude of the Ac 
polarization shown in Fig. H is quite large for the e-mode and smaller for the T-mode. The maximal recoil values 
reflect the corresponding dP///dq^ limits in Fig. IS] since the z-components are zero at maximal recoil. 

In Figs. [TOl and fTTl we show the g^ dependence of the longitudinal and transverse polarization component of the 
charged lepton. In the case of the electron, the two curves reflect the chiral limit of a massless lepton in which the 
lepton is purely left-handed. The behavior of the two polarization components in the r mode is distinctly different. 
The longitudinal polarization is reduced from —I, while the transverse polarization can become quite large towards 
maximal recoil. At zero recoil, the transverse polarization of the charged lepton P^ tends to zero in agreement with 
the vanishing of Hp and Hsl at zero recoil [see Eq. (fT^ j. The total polarization of the lepton shown in Fig. [T^ is 
maximal in the e mode and somewhat reduced but still quite large in the r-mode. 

Below we present our predictions for the semileptonic branching ratios of the A;, and Ac and compare them with 
data. Consideration of both modes is sufficient to fix the model parameters of the Ac — constituent quark mass me 
and the size parameter Aa,,. We have used the value for the A^ lifetime from the new edition of the Particle Data 
Group (PDG) [1^ taj = (1.451 ± 0.013) • 10“^^ s. We have also followed the recommendation of the PDG and have 
rescaled the branching ratio Br(A+ —>■ hP-\-e^vA upward by 30 %, taking into account the new absolute measurement of 
Br(A+ —>• pK~TT^) by the Belle Collaboration [s^. We thus use a branching ratio Br(A+ —>• AP+e'^Ve) = (2.74±0.82)% 
instead of Br(A+ —A° -|- e^Ve) = (2.1 ± 0.6)% as listed in the 2014 edition of the PDG. 


Mode 

Our results 

Data 

A+ -)■ h°e+Ve 

2.72 

2.74 ±0.82 

A+e-i>c 

6.9 


Ag ^ A+T-Pr 

2.0 



The numbers in Table El, show again that the results of our dynamical calculation are very close to the HQET 
results Ta = Ps = —PsLp, Psp = Pip = —Tsa and Pstp = Tat given in terms of the helicity structure functions 
in Eq. (HSJ. Note, though, that the agreement with leading-order HQET is of effective nature only since e.g. the size 
parameters of the A{, and the Ac are quite different [see Eq. dSTJ]. 

From the partial rates in Table El we can compile the total rate. Again, we list the partial and total rates in units 
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TABLE II: averages of helicity structure functions in units of 10 GeV. We do not display helicity flip results for the e 

mode, because they are of order 10~® — 10~^ in the above units. 



of 10 GeV. One has 


Tu 

Tl 


Ll 

SFs 

Ftot 

e~De 12.4 

19.6 




32.0 

T~i>r 3.29 

2.90 

0.66 

0.63 

1.92 

9.40 


(64) 


The numbers show that the partial flip rates make up 34.2 % of the total rate, where the biggest contribution comes 
from the scalar rate with 20.4%. 

Next, we give the values of the integrated quantities — forward-backward asymmetry < Aps >, the asymmetry 
parameter < a >, the convexity parameter < Cp >, and the hadronic < P!^.. > and leptonic < Pj ., > polarization 
components calculated in the model. These can be obtained from the nonflip and flip rates collected in Table n For 
example, one has 

^ Srp-bdTsz, ^ ^ ^ Ti ^ Tp-bTip-bFip-hTp-bSTsp 

< App >= - --- < a >=< Pz >= - - - . ( 65 ) 

^ ^ tot -L tot 



< App > 

<Cp> 

<Pz > 

<Pi> 

<Pi> 

<Pi> 

< 7 > 


e Ve 

0.36 

-0.63 

-0.82 

0.40 

- 1.00 

0.00 

0.31 

( 66 ) 

T~Dr 

-0.077 

- 0.10 

-0.72 

0.22 

-0.32 

0.55 

0.17 



Note that the mean of the azimuthal asymmetry parameter < 7 > defined in (l52l) is related to < > by < 

7 >= ( 7 r/ 4 ) < P^ >. When calculating the averages one has to remember to include the dependent factor 
(g^ — m|)^|p 2 |/g^ in the numerator and denominator of the relevant asymmetry expressions. In most of the shown 
cases, the mean values change considerably when going from the e to the r modes including even a sign change 
in < A^pp >. 


VIII Summary and conclusions 

Let us summarize the main results of our paper. We have used the helicity formalism to study the angular decay 
distribution in the semileptonic decay A° —A+ + as well as the corresponding cascade decay A° —>• A+(—>• 
-|- 7 r“'") +£ Vr- Starting from the angular decay distribution, we have defined a number of polarization observables, 
for which we have provided numerical results using form factors obtained in the covariant confined quark model. 
All our results have been presented for the two cases (i) the near mass zero leptons i = e,fi and (ii) the massive 
T lepton i = T. We have demonstrated the case with which lepton mass effects can be included in the helicity 
formalism. The numerical results for the polarization observables are given in the form of q^ plots and also in 
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averaged form, where the average has been taken with regard to the lepton-side polar angle cos 9 and also with 
regard to q^. We find substantial lepton mass effects in most of the polarization observables. We have also discussed 
the decay A° —>■ A“(—>■ A° + 7 r“) + the angular decay distribution of which is identical to that of the decay 

A° —)► A+(A° + 7 r+) + after implementing the appropriate changes. In our analysis we have assumed that the 
parent baryon Aj, is unpolarized. The case of polarized Aj, deca ys would bring in a number of new polarization 
observables as discussed in corresponding calculations in Refs. [^. l33l. . 

In our analysis we have remained within the SM. The helicity formalism for the decays presented in this paper easily 
allows one to include effects beyond the BSM. A generic charged Higgs contribution would populate the scalar helicity 
amplitudes and would thus affect the helicity structure functions H 5 , TLsl'Hspi and T-Lstp through their 

interference with the SM contributions. Tensor currents contribute only to the spin-1 piece of the helicity amplitudes 
and ■ They would populate all helicity structure functions when interfering with the SM amplitudes 

+ 2 "r"r 2 ^ 

except for Us- Depending on the chiral structure of the lepton-side effective currents, the pattern of helicity flip and 
nonflip contributions to the helicity structure functions would be redistributed. It would be interesting to find out 
how many of the BSM proposals that have been introduced in the meson sector to explain the tensions with the SM 
results would have a measurable effect in the baryon sector. 
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A Unpolarized and polarized lepton tensor 

In this appendix we determine the helicity components of the unpolarized and polarized lepton tensor in the A{, 
decay system {z axis along the momentum of the off-shell W) using covariant methods. As shown in Eq. (imi the 
unpolarized and polarized helicity components in the Af, decay system can also be obtained by a rotation of the 
helicity components of the lepton tensor in the W-decay system {z axis along This provides for a check of the 
covariant calculation. In the following, the helicity components of the lepton tensor are always given for both the 
{£~ve) and the configurations. The latter configuration is needed for the decay A° —A“ -|- or for the 

decay A+ — A° -I- £+ 1 /^. 


1. Unpolarized lepton 

The unpolarized lepton tensor for the process —>■ £~Pi (lUff-sheii £^’^e) is calculated as 


= 


- "f 5 ) for 

(A - - 75) for 

8 {PeP'C, + PePpt - Pt ■ Put ± i£^''°'^PiaPpe p) 


w- 


iUff-shell 


£+iyi 


(Al) 


where the upper/lower sign refers to the two configurations. The sign change can be seen to result from 

the p.v. part of the lepton tensors. 

We shall evaluate the lepton tensor components in the Woff-sheii rest frame with the z-axis along the original 
momentum direction of the IToff-sheii (see Fig. [1}. The polarization four-vectors in the IToff-sheii rest frame with 
helicities Aw = A 0 are given by 


eUt) = (l, 0, 0, 0) 


eU±) = ^(0, Tl, -G 0) 


eU0) = (0, 0, 0, 1). 


(A2) 


The momentum vectors and in the same system read (see Fig. [1} 

= (F^; Ip^I sin 6 >cosx, Ip^I sin 0 sinx, Ip^I cost*), = |p^|(l; - sin 6 lcosx, - sin 6 »sinx, - cos 6 »), 


(A3) 
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where = {q^ + ml) j and jp^j = (q^ — vr?^) j(2\fcp‘) = ^Jlpvl2 are the energy and momenta of the charged 
lepton. The helicity components L\^y {0,x) can then be obtained from the contraction 


Lx^y^{0.x) = L^^’'{e,x)ef.{Xw)e:{X'w) 

One obtains (the rows and columns of the matrix are ordered in the sequence (t, 1, 0, —1)) 

/ 0 0 0 

0 (l=Fcos0)^ =F-^(1 =F COS0) sin0e*^ sin" 

0 =F-^(1 T COS0) sin0e“*^ 2sin^0 =F-^(1 ± cos0) sin0e*^ 

=F-^(1 ± COS0) sin0e“®^ (l±cos0)^ 


(A4) 


{2q^v) ^Lx„x'{0,x) = 


0 

^2 g^2^x 


0 


sin^ Oe 


/ 


+ Se 


— sin 9e 


4cos0 


-^sin6»e*x 
2 sin^ 9 

—^ sin 20e“*^ 

V 2 


4cos0 


^sin6»e*^ \ 


-2sin2 6»e-2A ^sin26»e-*^ 


—%= sin 20e®^ —2 sin^ 9e^^^ 

v 2 

4cos^0 -^sin20e®^ 

v2 

2 sin^ 9 


(AS) 


The components Li_i(0,x) and L_ii(0, y) are not probed in unpolarized A;, decays because of the condition \Xw — 
A'^^l < 1 discussed after Eq. (HSl) . These two components are, however, probed in polarized Af, decays. 

When one integrates Eq. (IASI) over the azimuthal angle y one obtains the quasi-diagonal form 


27r 


{2q^v)-^L^^y(9) = 



0 

0 

0 V 


^ 4 0 4 cos 9 

0 \ 

0 

(1 =F cosS)^ 

0 

0 

-U 

0 2 sin^ 9 

0 

0 

0 

2 sin^ 9 

0 

1 

4 cos 0 0 4 cos^ 9 

0 

VO 

0 

0 

(1 ± COS0)^ j 


o 

o 

o 

2 sin^ 9 / 


(A6) 


where Lx^y^{9) = J dxLx„y^i9,x)- 
Finally, integrating Eq. (IA6I) over cos0 one obtains the diagonal form 


/ SSe 


1 8 
— (2q v) Lx„x'^ = 2 


0 


(A7) 


0 0 

0 (l-b(5£) 0 0 

0 0 (l-b(5f) 0 

VO 0 0 (l + Si) J 

where Lx^x'„ = J dcos9 Lx„x'„i9). 

Next we calculate the lepton helicity tensor LxwX' ™ W-decay system with the z-axis along the charged 
lepton. In order to set it apart from the lepton helicity tensor in the At,-decay system, we use a hat notation such 
that Aw = Xi — X^. The components of L^^y can be calculated as in (IA4E but now using 


P^ = (E;,;0,0,|p,|), pO^ = |p,|(1;0,0,-1). 


The nonvanishing components read 


i2q^v) 




{2q‘^v) ^Lqo = {2q^v) 


to 


= {2q^v) ^Tot = ( 21 ? u) '^Lu = 


(A8) 

(A9) 


The helicity components y) in the A^-decay system can be obtained from the in the lE-decay 

system by an appropriate rotation. One has 


^\wX'^(9iX) 'y ( 

,A'^=i,=pl,0 


di ^ {d)d{, C, (6»)e*Aw-Ah-)x^ 

A^,Aw^ A 


Aw A^ 


(AlO) 


2. Longitudinal polarization Pj 


Next we calculate the longitudinal polarization component of the charged lepton. The relevant lepton tensor 
can be obtained from the unpolarized tensor by the substitution —>■ 




(All) 
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At present, we shall not consider the x dependence of the longitudinal polarization component P^. Without loss of 
generality, one can then set x = 0 in the representation of the momentum in Eq. (IMl) but must compensate by 
the factor 27r from the trivial y integration. The four-component spin vector reads (y = 0) 


s 


M _ 
z 


— {\pe\;Eism9,0,Eecos6) 
me 


which satisfies the conditions Sz,fj,s^ = —1 and Sz,fi ■ = 0. 

The components Lx„\'^{sz]0) can be calculated to be 

T (2q'^v)~^Ltt{sz-, 9) = ±Ue 

ZTT 

^ {2q^v)~^Lm{sz-,9) = {2q^v)~^LQt{sz\9) =±4(5^ cos d 

ZTT ZTT 

{2q^v)~^L^_^{sz‘-,0) = —(1 =F cos^)^ 25i sin^ 6 

ZTT 

{2q‘^v)~^LQQ{sz; 0) = —2 sin^ 0 -h 45^ cos^ 6 

ZTT 

{2q‘^v)~^L _ (sz; 0) = — (1 zb cos 6*)^ -b 26i sin^ 6 

ZTT 


—^ zb8(5^ , 
—)■ 0, 


(A12) 


(A13) 


The nonvanisihing helicity components L^wP IT-decay helicity system are obtained by setting 0 = 0 in (IA12I) 

such that = (|p^|; 0, 0, and taking as in (IA8I) . One obtains 

(29^u)“Uzp=p(s^) = t4 , i2q^v)~^LQo{sz) = (2q^v)~^Lto{sz) = {2q'^v)~^Lotisz) = (2q‘^v)~^Luisz) = ±4(5^ . (A14) 
The helicity components Lx^y^i^Sz] 9) in the At,-decay system can again be obtained by rotation; 


Aw.Ati, 


Aw.A'yi, 


(A15) 


3. Transverse polarization 

The lepton tensor relevant for the transverse polarization of the charged lepton is obtained from the unpolarized 
expression by the substitution p^ —>■ ^mes^. Again we set x = 0 without loss of generality. The polarized lepton 
tensor reads 


= TSme(^s^p:^ + s^p^,^ - s, ■ ± 


(A16) 


where is the four-component spin vector 


= (0; COS0, 0, — sind). 


(A17) 


obeying the conditions Sx,fj.s^ = — 1 and Sx,fi -Pe =0. Just as before, the relevant components of the polarized lepton 
tensor are obtained by contraction with the relevant polarization four-vectors. One obtains 


■^{2q'^v) ^Lttisx]9) = 0 

ZTT 


0, 

^ {2q‘^v)~^Lto{sx]0) = {2q‘^v)~^Lot{sx;0) = =fV^^ smO 

y/2 

-)> 

T2.^T^J5e/2 

^ {2q‘^v)~'^L^^{sx;0) = sm6»(l =fcos6') 

y2 

-)■ 

-2^yjy2 

1 8 

— {2q‘^v)~^Loo{sx;9) = =fv^— sindcosd 


0, 

T (2q^v)~^L — {sx-,9) = sin0(l icosd) 

27r x/2 

-)■ 

+2^V^ 


(A18) 
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The nonvanishing helicity components in the TT-decay system are obtained by setting 0 = 0 in (IA17I) such that 
= (0; 1,0,0). One obtains 


(2g2,;2) = (2g2^;2) = (2q2T;2) = {2q'^v'^) i(i^o)=4v^. 

As before the relevant helicity components in the production system are obtained by a rotation via 


(A19) 


(A20) 


B Lepton-side helicity amplitudes 

In this appendix we calculate the lepton-side helicity amplitudes appearing in Eqs. (1281) . (l44l) and (1^ . The 
lepton-side helicity amplitudes IiAf,i /2 for the process are defined by (Aw = A^ — 1/2) 

%w;A,- ,i/2('^) = 7 a«( 1 “ Ts) Vp, (1/2) e''(Aw) ■ (Bl) 

As before, we use the hat notation for the helicities in the tb-decay system. We evaluate the helicity amplitudes in 
the (l~vi) center-of-mass (CM) system, with l~ defining the z-direction such that Aw = A^ — 1/2. The label (J) 
takes the values (J = 0) with Aw = 0 (:= t) and (J = 1) with Aw = ±1,0 for the lepton current respectively. 
The relevant spinors are given by 

U2i±^,pe) = y/Ee +mi ^x±, + ^ ^ > (B2) 

where x+ = (o) x- = (i) £^re the usual Pauli two-spinors. The lepton-side helicity amplitudes can be calculated 
to be 

; + l/2+l/2(>^ = 0) = 2y/vmi, 

^0\ + l/2+l/2[J = ^) = ^.y/vmi, 

h_i._i/2+i/2(J= 1) = 2V2v^V^, (B3) 

where, as before, v = 1 — m\lq^ is the lepton velocity in the CM frame. On squaring the lepton-side V — A 

helicity amplitudes one finds 

l^t ;-|-l/2-1-1/2 P = l^0; + l/2-|-l/2p = = 8(/^U(5^ , 

^ t;-|-l/2-1-1/2 ^0;-|-l/2-1-1/2 = 4:mjv = 8q^V Si , 

|/l_l;_l/2-Hl/2p = Sq'^v. 

The helicity flip contributions can be seen to be suppressed relative to the helicity nonflip contributions by the factor 
Si = m'jj2q^, i.e. |hft/p/|/i„/p = Si. 

One can go through the same exercise for W/ff_shen z-direction defined by , i.e. (Aw = Af-|-l/2). 

The helicity amplitudes are defined by 

^Aiv;A^+,-i/ 2 ('^) “ 7/i(l ~ 75 ) V(+{Xi+) e^(Aw) J (B4) 

which can be evaluated with the explicit forms of the spinors 

Ui'ii-hP''i) = -y^{x+^X+) Vi+{±^,Pi) = y/Ei + mi^ ^ ^ (gg) 

and one finds 

ht._i/ 2 -i /2 (± = 0) = -2y/vmi, 

^0;-l/2-l/2 (± = 1) = —2y/vmi, 

h+i.+i/2-i/2(±=l) = -2V2v^v^. (B6) 
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The lepton tensor helicity components for the two cases are given by (we assume the lepton-side helicity amplitudes 
to be relatively real) 


unpolarized case: 




longitudinal polarization: 


~ ^Aw;l/2±l/2 ~ ^Aj.j,;-l/2±l/2 


transverse polarization: 


= 2 %w;1/2±1/2^V^;-1/2±1/2 

(B7) 


Inserting the lepton-side helicity amplitudes, one reproduces the results of Eqs. (IA9I) . (IA14() and (IA19I1 . 
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FIG. 1: Definition of the polar angles 9, 6b and the azimuthal angle x- 
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FIG. 2: Form factors defining the transition A.h —>■ Aci approximated results (solid line), exact result(dotted line). 
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FIG. 3: The -dependence of the partial rates dVu/dq^ (dashed), dVL/dq^ (dot-dashed) and their sum dVu+L/dq^ (solid) for 
the e“-mode (in units of GeV“^). 




FIG. 4: The q^-dependence of the partial nonflip rates dV u,l /dq^, and the flip rates d F u,l /d q^ and 3 dt s / d q^ for the r -mode 
(in units of 10“^® GeV~^). Also shown is the total rate dTu+h/dq^ -|- dFcz+i;, /dq^ +3dVs/dq^. 





















23 



FIG. 5: The -dependence of the lepton-side forward-backward asymmetry Apg{q^) for the e - (solid) and r -mode (dashed). 



FIG. 6: The q^-dependence of the convexity parameter Criq^) for the e - (solid) and r -mode (dashed). 
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FIG. 7: The g^-dependence of the longitudinal polarization component P^{q^) of the daughter baryon Ac for the e - (solid) 
and r“-mode (dashed). 



FIG. 8: The (/^-dependence of the transverse polarization component P^iq^) of the daughter baryon Ac for the e - (solid) and 
T“-mode (dashed). 
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FIG. 9: The g^-dependence of the total Ac polarization \P'^\{q^) — \/ {PxP + {PzP for the e - (solid) and r -mode (dashed). 



q ^ (GeV^) 


FIG. 10: The g^-dependence of the longitudinal polarization component P^icp) for the charged leptons e - (solid) and r -mode 
(dashed). 
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FIG. 11: The (/^-dependence of the transverse polarization component for the charged leptons e - (solid) and r 

(dashed). 
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FIG. 12: The g^-dependence of the total lepton polarization \P^\{q^) = \/{PxY + (-Pi)^ for the e~- (solid) and r 
(dashed). 
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